BHK 21/13 fibroblasts grown in the presence of insulin show some characteristics of a transformed strain. Cells broaden, cross each other intricately, and form colonies on both polystyrene dishes and soft agar. The effect of insulin is prevented by addition of N6-butyryl adenosine 3':5'-cyclic monophosphate and theophylline to the culture medium. Insulin causes a decrease in the concentration of intracellular adenosine 3': 5'-cyclic monophosphate and inhibition of adenylate cyclase activity in BHK fibroblast membranes. This inhibition is observed at insulin concentrations of 0.1 nM or higher.
Evidence indicates that the pattern of multiplication of normal or transformed cells can be modified in vitro by a change of the composition of the growth medium. In fact, stationary fibroblast cultures are released from topoinhibition by treatment with small concentration of proteolytic enzymes (1, 2) or by the addition of fresh serum (3) . The opposite seems to be also true, i.e., sarcoma cells or fibroblasts transformed by oncogenic viruses regain topoinhibition when grown in the presence of an adenosine 3': 5'-cyclic monophosphate derivative (4) (5) (6) (7) .
Concentrations of intracellular cyclic AMP have been measured in different cell lines grown under various conditions. Factors or conditions that cause a decrease in the concentration of intracellular cyclic AMP (i.e., serum, insulin, proteases, and cell transformation), stimulate cell division (2, 7, 8) . On the contrary, factors that favor cyclic AMP accumulation, that is, theophylline, prostaglandin E1, and cell contact, cause a decrease in the rate of normal cell growth (8, 9) .
Adenylate cyclase associated with membrane preparations from untransformed fibroblasts has at least twice the activity of that in the cells transformed by polyoma virus and Rous sarcoma virus (10) .
Insulin causes a decrease in the concentration of intracellular cyclic AMP in mesoderm-derived cells (12, 8) , and the hormone can replace some serum factors required for the growth of transformed or untransformed fibroblasts (13) . In addition, recent evidence indicates that insulin inhibits adenylate cyclase activity of Neurospora crassa (14) , fat, and liver cells (15, 16) . Therefore, it could be anticipated that insulin might confer to normal fibroblasts some growth characteristics of transformed cells. This paper reports evidence that supports this expectation. In Then the reaction was stopped and cyclic adenylate was isolated as described elsewhere (19) .
Analytical Methods. Protein was measured by the procedure of Lowry et al. (20) . Cells the growth rate is observed when the medium is supplemented with N6-butyryl cyclic AMP and theophylline, either at the beginning or after 60 hr of culture. The inhibitory effect of theophylline and the cyclic AMP derivative is roughly the same in cultures previously treated or untreated with insulin. It is reversed when these compounds are removed from the medium, but is independent of the presence of the hormone in the medium. The effect of insulin on the morphology of the cell cultures is strikingly evident. As can be seen in Fig. 2 ., ' Cultures were incubated at 370 for 10 days, as described in Experimental Procedure, in the presence of the indicated additions. Concentrations of insulin and N6-butyryl cyclic AMP in both agar layers and liquid medium were 10 ,ug/ml and 0.1 mM, respectively. addition of butyryl cyclic AMP and theophylline to cultures containing insulin restores the normal morphology of untransformed fibroblasts; cells become elongated and aligned in parallel array.
Insulin also affects the growth rate and morphology of fibroblasts cultured in media with low serum concentration (0.8%). As shown in Fig. 3 , the hormone causes about doubling of the growth rate, compared to that of the controls; theophylline and butyryl cyclic AMP completely reverse the effect of insulin. At a cell density of about 2 X 105 cells per cm2 it is evident that, in the presence of insulin, cells broaden and cross each other intricately (Fig. 4) . At a higher density (about 8 X 105 cells per cm2), cells tend to form colonies, as occurs with the cultures in media with high serum concentra- BHK fibroblasts were grown until confluence in media containing 10% calf serum. Thereafter, cells were cultured for 24 hr in the presence of 1% serum plus the indicated additions. Other conditions were as those indicated in Fig. 1 Froc. Nat. Acad. Sci. USA 70 (1973) Insulin and Cell Transformation 1391 maximum inhibition was attained when both compounds were added together (Fig. 3B) . The soft-agar culture technique has been used to differentiate transformed from normal cells (17) . Under the conditions imposed by this type of culture, transformed cells grow and form colonies with higher efficiency than the untransformed parental cells. This is the case of untransformed fibroblasts grown in the presence of insulin (Table 1 ). Fig. 5 shows the morphology of BHK 21/13 cell colonies from cultures grown in the presence of insulin. The colonies have the same characteristics of the polyoma-transformed derivative (17) .
These results support the hypothesis that cell growth is controlled by cyclic AMP concentration and that the molecular basis of insulin action could be in part attributed to the influence of the hormone on the intracellular concentration of the cyclic nucleotide. In fact, insulin causes a decrease in the concentration of cyclic AMP in BHK cell stationary cultures ( Table 2 ). The opposite effect is elicited by theophylline.
Previous work in this laboratory indicated that insulin inhibits membrane-bound adenylate cyclase in Neurospora crassa at low concentrations of its substrate: the ATPMn++ complex (14) . Table 3 shows that insulin also greatly inhibits adenylate cyclase activity of fibroblast membranes. Table 3 is an amorphous porcine zinc-free sample.
On the other hand, concentrations of this cation of about 10 AM had no effect on the fibroblast cyclase. concentration of 1 jAunit of insulin per ml (10 pM) (Fig. 6) . Therefore, the hormone modifies adenylate cyclase activity at concentrations considered physiological (24) . In addition, the insulin response curves are extended on a range of concentrations covering at least four orders of magnitude. This would suggest that more than one kinetic component is formed as a consequence of the interaction between fibroblast membranes and insulin. A similar phenomenon was reported for the Neurospora enzyme (14) . (d) Isolated insulin A and B chains do not modify the activity of fibroblast adenylate cyclase (Table 3) .
The results reported in this paper indicate that insulin may confer to normal fibroblasts some properties of a transformed cell line. The hormone causes a decrease in the concentration of intracellular cyclic AMP and inhibits membrane-bound adenylate cyclase. However, it cannot be ruled out that some insulin effects could be mediated by an increase of cyclic AMP degradation and/or membrane transport.
